Poly(ADP-ribose) polymerase (PARP-1), a nuclear enzyme that facilitates DNA repair, may be instrumental in acute neuronal cell death in a variety of insults including, cerebral ischemia, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine-induced parkinsonism, and CNS trauma. Excitotoxicity is thought to underlie these and other toxic models of neuronal death. Different glutamate agonists may trigger different downstream pathways toward neurotoxicity. We examine the role of PARP-1 in NMDA-and non-NMDA-mediated excitotoxicity. NMDA and non-NMDA agonists were stereotactically delivered into the striatum of mice lacking PARP-1 and control mice in acute (48 hr) and chronic (3 week) toxicity paradigms. Mice lacking PARP-1 are highly resistant to the excitoxicity induced by NMDA but are as equally susceptible to AMPA excitotoxicity as wild-type mice. Restoring PARP-1 protein in mice lacking PARP-1 by viral transfection restored susceptibility to NMDA, supporting the requirement of PARP-1 in NMDA neurotoxicity. Furthermore, Western blot analyses demonstrate that PARP-1 is activated after NMDA delivery but not after AMPA administration. Consistent with the theory that nitric oxide (NO) and peroxynitrite are prominent in NMDA-induced neurotoxicity, PARP-1 was not activated in mice lacking the gene for neuronal NO synthase after NMDA administration. These results suggest a selective role of PARP-1 in glutamate excitoxicity, and strategies of inhibiting PARP-1 in NMDA-mediated neurotoxicity may offer substantial acute and chronic neuroprotection.
Poly(ADP-ribose) polymerase (PARP-1) is a nuclear enzyme that is activated primarily by DNA damage. Upon activation, the enzyme hydrolyzes nicotinamide adenine dinucleotide (NAD) to nicotinamide and transfers ADP ribose units to a variety of nuclear proteins, including histones and PARP-1 itself (de Murcia et al., 1994; D'Amours et al., 1999) . This process is important in facilitating DNA repair. However, excessive activation of PARP-1 can lead to significant decrements in NAD and ATP depletion, which leads to cell death (Berger, 1985; Zhang et al., 1994; Eliasson et al., 1997; Endres et al., 1997) . Excessive PARP-1 activation is implicated in a variety of insults, including cerebral ischemia, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-induced parkinsonism, traumatic spinal cord injury, and streptozotocin-induced diabetes (Eliasson et al., 1997; Endres et al., 1997; Burkart et al., 1999; Mandir et al., 1999; Masutani et al., 1999; Pieper et al., 1999; Scott et al., 1999) .
Excitotoxicity is thought to play a prominent role in a variety of acute and chronic neurological injuries from the excessive activation of the excitatory neurotransmitter glutamate acting on NMDA receptors (NMDA-R) and non-NMDA-R (Choi, 1988; Meldrum and Garthwaite, 1990; Olney, 1990; Lipton and Rosenberg, 1994) .
A number of studies demonstrate a prominent role for nitric oxide (NO) in excitotoxicity in vivo and in vitro (V. L. Dawson et al., 1991 ; T. M. Huang et al., 1994; Lynch and Dawson, 1994; Schulz et al., 1995a,b; Iadecola, 1997; Leist and Nicotera, 1998) . Primary brain cultures treated with NO synthase (NOS) inhibitors or cultures from mice with targeted disruption of neuronal NOS (nNOS) are resistant to NMDA neurotoxicity (V. L. Dawson et al., 1991 ; T. M. . nNOS knock-out mice are also resistant to neuronal damage after middle cerebral artery occlusion and intrastriatal NMDA excitotoxic lesions but not AMPA excitotoxicity (Huang et al., 1994; Ayata et al., 1997) . NO is thought to mediate the majority of its toxic effects through the interaction with the superoxide anion to form the potently toxic oxidant peroxynitrite (Dawson et al., 1991; Beckman and Crow, 1993; Xia et al., 1996) . Peroxynitrite and NO damage DNA, the presence of which is a prime activator of PARP-1. PARP-1 plays a key role in NMDAand NO-induced neurotoxicity because mice lacking the gene for PARP-1 or cultures treated with PARP-1 inhibitors are resistant to the toxic effects of these agents (Zhang et al., 1994; Eliasson et al., 1997; Endres et al., 1997) . The role of PARP-1 in excitotoxicity in vivo is not known, and more specifically, the contributions of PARP-1 to NMDA-versus non-NMDA-mediated neuronal damage have not been explored. In this study, we demonstrate that NMDA excitotoxicity is dramatically reduced in PARP-1 knockout mice, whereas PARP-1 knock-out mice are sensitive to AMPA excitotoxicity.
MATERIALS AND METHODS
Mice. All experiments were approved and conformed to the guidelines set by the Institutional Animal C are Committee. To avoid differences caused from strain effect or divergent genetic lines, PARP-1 knock-out (PARP-1 Ϫ/Ϫ ) mice used in this study were on a pure 129 Sv/ Ev background with the colony maintained by outbreeding with purebred 129 Sv/ Ev wild-type (W T) controls (Taconic, Germantown, N Y) . Thus, the PARP-1 Ϫ/Ϫ mice are of the same strain as controls, and inbreeding effects are minimized. Mice were 20 -28 gm and male. The nNOS Ϫ/Ϫ mice were maintained on a C57/ BL6 background and were male, weighing 20 -25 gm.
Intrastriatal microinjections. Spontaneously breathing mice were anesthetized with pentobarbital (45 mg / kg, i.p.), and the head was fixed in a stereotactic frame (Kopf, T ujunga, CA) . A burr hole was drilled above the right striatum [rostral, 0.5 mm; lateral, 1.7 mm; ventral, 3.5 mm from bregma (Franklin and Paxinos, 1997) ]. NMDA (66.7 mM), AM PA (20 mM), or vehicle (0.1 M PBS, pH 7.4) was injected over 2 min (volume of 0.3 l), and the needle was left in place for an additional 8 min after injection.
For viral transfection, 4 -6 d before receiving vehicle or NMDA, Sindbis viral constructs expressing either LacZ or f ull-length PARP-1 W T protein were injected at 1.0 l volume over 20 min using a microinjector pump (World Precision Instruments, Sarasota, FL). The identical stereotactic coordinates were used as for toxin or vehicle delivery, and the needle was held in place for an additional 10 min.
The mice were allowed to survive for 48 hr for acute studies and for 3 weeks for chronic studies after toxin or vehicle delivery. The mice were deeply anesthetized with phenobarbital and then perf usion-fixed with 0.4% paraformaldehyde in 0.1 M phosphate buffer (PB), pH 7.4, as described previously . The entire brain was removed after perf usion, post-fixed in the same fixative solution, and cryoprotected in 20% glycerol -0.1 M PB for freezing and serial sectioning.
PAR P-1 activit y assay. C ells or nuclear pellets were resuspended in 400 l of PARP-1 assay media (50 mM Tris/HCl, pH 8, 2.5 mM MgC l 2 , 1 mM DTT, and 100 g /ml PMSF) and maintained on ice. The activation of PARP-1 was induced by sonication to induce DNA breaks for 6 sec using a Branson Sonifier 250 at an intermediate setting, and samples were kept on ice for 1 min. This procedure was then repeated once. Samples were brought to 25°C, and 100 l of each was added to 100 l of PARP-1 assay media (pre-equilibrated at 25°C) supplemented with 500 M NAD (0.5-1.0 C i /100 l of [ 32 P]NAD) and incubated for 10 min at 25°C (Shah et al., 1996) . The reaction was stopped by 2 ml of ice-cold TCA 20%, and samples were incubated for 30 min on ice. Precipitated proteins were collected by filtration through FC /C glass fiber filters (Whatman International L td., Maidstone, UK), and the filters were washed with 10 ml of ethanol. The radioactivity incorporated into proteins and retained on the filter were evaluated by liquid scintillation counting, and results were expressed as picomoles of incorporated [ 32 P]NAD per 200 g of protein. V iral constructs. Sindbis virus vectors were constructed in which LacZ and wild-type PARP-1 were subcloned into the pSI N Rep5 plasmid (Invitrogen, San Diego, CA) and linearized with XhoI, NotI, or PacI. The DNA was phenol-extracted, precipitated, and resuspended in RNase-free water. The linearized DNA was transcribed in vitro with the SP6 enzyme for 2 hr at 37°C. RNA was transfected into baby hamster kidney (BHK) cells by electroporation. BHK cells were trypsinized, washed, and resuspended in RNase-free PBS without cations. RNA (10 g) was added, and the cells were electroporated, recovered on ice for 5 min before plating in complete M EM, and incubated for 24 -72 hr. The media was used to transfect BHK cells that were harvested after 2-3 d, and the cells were pelleted by centrif ugation. The pellet was freeze-thawed several times in 10 mM Tris, pH 8, and 1 mM MgC l 2 and centrif uged. Supernatants were combined and filtered through a 0.2 m filter. The virus was amplified in BHK cells and purified over a sucrose gradient in which BHK cells were harvested after 2-3 d and centrif uged. A large-scale purification was performed by resuspending and combining the cell pellets in 50 mM Tris, pH 7.4, 10 mM NaC l, and 0.5 mM EDTA and centrif uging at 1000 ϫ g at 15 min. The supernatant was transferred onto a two-part step gradient of sucrose (20%/55%) and spun at 30,000 ϫ g in a swinging bucket rotor (SW41) for 1 hr at 14°C. The media was removed, and the virus band was extracted from the 20%/55% interface. The virus was aliquoted, frozen on dry ice, and stored at Ϫ80°C.
Lesion volume anal ysis. The frozen brains were sectioned through the entire striatum at 40 m intervals; each section was mounted on slides and stained with cresyl violet. Each section was imaged using a digital camera, and lesion areas and total intrastriatal lesion volume was determined for each animal. Lesions, defined as loss of cresyl violet staining in the injected striatum, were circumscribed by tracing on a computer (L oats, Westminster, MD).
Pol y(A DP-ribose) pol ymer Western blots. Striata were dissected from mice at 2, 4, 8, 16, and 24 hr after toxin or vehicle delivery and immediately frozen. Samples were homogenized in buffer (10 mM Tris-HC l, pH 8.0, 2 mM MgC l 2 , 2 mM DTT, 0.1 mM PMSF, 10 g /ml leupeptin, 100 g /ml benzamidine, and 0.25 mM sucrose) and centrif uged for 5 min at 14,000 ϫ g, and the pellet was resuspended in buffer. Protein concentrations were determined by the Bradford assay, and equal samples were loaded on a gradient SDS-PAGE gel (80 g / lane). For fibroblasts, cells were resuspended in 400 l of PARP-1 assay media and subjected to the procedure above. The gels were transferred to a nitrocellulose membrane and incubated with anti-poly(ADP-ribose) polyclonal antibody. Membranes were stained with Ponceau S (0.1%) to confirm equal loading and transfer. After blocking of nonspecific sites, membranes were incubated with rabbit anti-poly(ADPribose) polyclonal antibody 96 -10 to poly(ADP-ribose) (1:2000) (Affar et al., 1998 (Affar et al., , 1999 . Bands were visualized by chemiluminescence.
Cortical cultures. Primary cortical cultures were prepared from gestational day 16 PARP-1 Ϫ/Ϫ or W T mice as described previously Gonzalez-Zulueta et al., 1998) . Briefly, the cortex was dissected, and the cells were dissociated by trituration in Eagle's medium (M EM), 20% horse serum, 25 mM glucose, and 2 mM L-glutamine after a 30 min digestion in 0.027% trypsin -saline solution (Life Technologies, Gaithersburg, MD). The cells were then plated on 15 mm multiwell plates coated with polyornithine. Four days after plating, the cells are treated with 5-fluoro-2-deoxyuridine for 3 d to inhibit proliferation of non-neuronal cells. C ells are then maintained in M EM, 10% horse serum, 25 mM glucose, and 2 mM L-glutamine in an 8% C O, humidified 37°C incubator. The growth medium was refreshed twice per week, and the neurons were allowed to mature for 14 d in culture before being used for experiments. For cytotoxicity experiments, the cells were prewashed with Tris-buffered control salt solution containing (in mM): 120 NaC l, 5.4 KC l, 1.8 C aC l 2 , 25 Tris-HC l, pH 7.4, and 15 glucose. The exposure solutions containing NMDA (500 M) or AMPA (50 M) alone or in the presence of DNQX or Earle's balanced salt solution were administered for 5 min and then washed off. The cells were then placed in growth medium and returned to the incubator overnight.
Toxicity was assayed 20 -24 hr after exposure by microscopic examination with computer-assisted cell counting after staining of all nuclei with 1 g /ml Hoescht 33342 stain and staining of dead cell nuclei with 7 M propidium iodide. Total and dead cells were counted. Glial nuclei fluoresce at a different intensity than neuronal nuclei and were gated out (GonzalezZulueta et al., 1998) . Percent cell death was determined as the ratio of live-to-dead cells compared with the percent cell death in control wells to account for cell death attributable to mechanical stimulation of the cultures. At least two separate experiments using four separate wells were performed with a minimum of 8000 -20,000 neurons counted per data point. All reagents were purchased from Sigma (St. L ouis, MO) or Life Science Inc. (Boston, M A).
Glutamate receptor Western blots. Cortical cultures from PARP-1 Ϫ/Ϫ and W T animals as described above were homogenized in buffer (10 mM Tris-HC l, pH 8.0, 2 mM MgC l 2 , 2 mM DTT, 0.1 mM PMSF, 10 g /ml leupeptin, 100 g /ml benzamidine, and 0.25 mM sucrose) and centrif uged for 5 min at 14,000 ϫ g, and the pellet was resuspended in buffer. Protein concentrations were determined by the Bradford assay, and equal samples were loaded on a gradient SDS-PAGE gel (30 g / lane). The gels were transferred to a nitrocellulose membrane and stained with Ponceau S (0.1%) to confirm equal loading and transfer. Membranes were incubated with NMDA-R1 (1:10,000) (Weiss et al., 1998) , glutamate receptor 1 (GluR-1) (1:500), or GluR-2/3 (1:500) polyclonal antibodies (GluR-1 and GluR-2/3 antibodies were generously donated from the laboratory of Dr. Richard L. Huganir, Johns Hopkins University, Baltimore, MD). Bands were visualized by chemiluminescence.
Statistical anal ysis. Values of lesion volume analysis are expressed as the mean Ϯ SD. Differences among means were analyzed using one-way ANOVA. When ANOVA demonstrated significant differences among the groups, pair-wise comparisons between means were tested by Fisher or Newman -Keuls post hoc tests using STATV I EW (Abacus Software, San Francisco, CA).
RESULTS

NMDA and AMPA lesions in wild-type and PARP-1 knock-out mice
Previous studies indicate that intrastriatal microinjections of NMDA and AMPA produce maximal lesion volumes at ϳ48 hr (Ayata et al., 1997) . As such, throughout the majority of our experiments, we analyzed lesion volumes 48 hr after NMDA or AMPA injections. Both NMDA and AMPA consistently produced well delineated lesions (Fig. 1) . Six nanomoles of AMPA consistently produce larger striatal lesion volumes than 20 nmol of NMDA (Fig. 2) . The lesions are typically located approximately at the level of bregma and for the most part are confined to the striatum. NMDA-induced lesions are barely perceptible in the PARP-1 Ϫ/Ϫ mice (Figs. 1, 2 A) . In the majority of NMDA-injected PARP-1 Ϫ/Ϫ , mice only the needle track is detectable. AMPA induced lesions in PARP-1 Ϫ/Ϫ mice are not significantly different from AMPA lesions in wild-type mice; however, there is a trend toward being slightly larger lesions in the PARP-1 Ϫ/Ϫ mice (Figs. 1, 2 B) . To confirm the apparent lack of resistance to AMPA excitotoxicity in PARP-1 Ϫ/Ϫ mice, we examined AMPA excitotoxicity in cortical cultures. We find that PARP-1 Ϫ/Ϫ cortical cultures are sensitive to AMPA, although a partial and significant protection is seen (Fig. 3) . As shown previously, PARP-1 Ϫ/Ϫ cultures are markedly resistant to NMDA excitotoxicity (Fig. 3) (Eliasson et al., 1997) . To address potential differences in amount of glutamate receptor expression between PARP-1 Ϫ/Ϫ and WT mice, Western blots of cortical cultures were probed with antibody toward NMDA-R1, GluR-1, and GluR-2/3 (Fig. 3) . Differences in neurotoxicity do not seem to result from different receptor expression levels. Western blot analysis of glutamate receptors on fresh frozen striata of PARP-1 Ϫ/Ϫ and WT mice also demonstrate equal amounts of receptors (data not shown).
PARP-1 activation after excitotoxin microinjection
We monitored poly(ADP-ribosyl)ation with a highly selective and specific antibody to poly(ADP-ribose). NMDA (20 nmol) potently activates PARP-1 within 2 hr after the initial injection. NMDA activation of PARP-1 is maximal at 4 hr and begins to taper off at 8 hr but remains active for at least 24 hr (Fig. 4 A) . No PARP-1 activation is detectable in PARP-1 Ϫ/Ϫ mice injected with NMDA, nor is PARP-1 activity detectable in saline-injected wild-type animals (Fig. 4) . In contrast, AMPA (6 nmol) produces barely detectable PARP-1 activation as assessed at 2, 4, 8, and 24 hr (Fig. 4 B) .
NO and peroxynitrite are thought to play a major role in activating PARP-1 through their ability to promote nonapoptotic DNA damage (Radons et al., 1994; Zhang et al., 1994 Zhang et al., , 1995 . To determine whether there is a link between NO-peroxynitrite and PARP-1 activation in NMDA-induced excitotoxic injury, we monitored poly(ADP-ribosyl)ation after NMDA administration in mice lacking the gene for neuronal NO synthase (nNOS Ϫ/Ϫ ) (Huang et al., 1993) . Remarkably, we detect minimal poly(ADPribose) formation in nNOS Ϫ/Ϫ mice (Fig. 4C ).
Sustained protection against NMDA excitotoxicity in PARP-1 ؊/؊ mice To ascertain whether the neuroprotection observed in the PARP-1 Ϫ/Ϫ mice is long-lasting, we examined lesion volumes in PARP-1 Ϫ/Ϫ mice versus wild-type mice 3 weeks after the intrastriatal NMDA microinjection (Fig. 5) . At this chronic time point after NMDA intrastriatal microinjection, the lesion volume is ϳ70% smaller in the PARP-1 Ϫ/Ϫ mice than WT animals (Fig. 5) .
Characterization of PARP-1-containing viruses
To demonstrate that the observed neuroprotection is attributable to the absence of the PARP-1 gene as opposed to developmental consequences or other potential genetic influences attributable to the lack of the PARP-1 gene, we developed a method of restoring PARP-1 activity in PARP-1 Ϫ/Ϫ mice. We generated recombinant replication-deficient Sindbis viruses carrying the marker gene ␤-galactosidase (lacZ), and a wild-type PARP-1 virus (Fig. 6) . We initially evaluated the Sindbis virus constructs in PARP-1 Ϫ/Ϫ fibroblasts. Sindbis-containing wild-type PARP-1 exhibit significant PARP-1 activity in PARP-1 Ϫ/Ϫ fibroblasts as ascertained by both [ 32 P]NAD incorporation and Western blot analysis of ADP(ribosyl)ated proteins. Sindbis virus-containing lacZ was essentially devoid of PARP-1 catalytic activity (Fig. 6 ).
Intrastriatal microinjection of wild type PARP-1 virus restored NMDA excitotoxicity in PARP-1 ؊/؊ animals
Intrastriatal microinjection of the Sindbis viruses leads to a significant incorporation of virus into the striatum (Fig. 7A) . Of note is ) express equal levels of NMDA-R, GluR1, and GluR2/3 as determined by Western blot analysis. The experiment was performed twice with similar results. Cortical cultures from WT or PARP-1 Ϫ/Ϫ mice exposed to NMDA (500 M), vehicle alone, and AMPA (50 M) with or without the presence of the glutamate antagonist DNQX. PARP-1 Ϫ/Ϫ or WT cultures exposed to AMPA alone demonstrate significant percentage of cell death compared with control or DNQX-treated cultures ( p Ͻ 0.01; ANOVA; mean Ϯ SD). Unlike the substantial protection exhibited by PARP-1 Ϫ/Ϫ cultures to NMDA neurotoxicity compared with WT as shown previously (Eliasson et al., 1997) , Ϫ/Ϫ cultures demonstrate a partial but significant percentage of protection to AMPA neurotoxicity in vitro (*p Ͻ 0.05, WT compared with PARP knock-outs; significance determined by ANOVA with Newman-Keuls post hoc analysis). Experiments were replicated a minimum of two times with at least 8000 -20,000 neurons counted per experiment.
that the virus has a propensity to track along the corpus callosum and remains concentrated within the needle track. However, significant expression is routinely observed several millimeters away from the needle track. Neurons are predominantly infected, because Sindbis is a neurotrophic virus (Jackson et al., 1988; Dubuisson et al., 1997; Griffin, 1998) . Forty-eight hours after NMDA or vehicle injection in the mice receiving the various Sindbis viruses, lesion volumes were ascertained (Fig. 7) . Sindbis virus-containing wild-type PARP-1 significantly restores the susceptibility to NMDA excitotoxicity in PARP-1 Ϫ/Ϫ mice (Fig. 7) . In contrast, the Sindbis virus-containing lacZ did not restore susceptibility to NMDA excitotoxicity in PARP-1 Ϫ/Ϫ mice (Fig. 7 ).
DISCUSSION
We demonstrate a selective resistance of PARP-1 Ϫ/Ϫ mice to NMDA versus non-NMDA glutamate-mediated excitotoxicity. Although PARP-1 Ϫ/Ϫ mice are dramatically resistant to NMDA receptor-mediated toxicity, they demonstrate equal sensitivity as wild-type mice to non-NMDA-mediated toxicity. This differential resistance to NMDA versus non-NMDA excitoxicity is observed in both in vivo and in vitro paradigms. We further demonstrate by Western blot analysis that NMDA preferentially activates PARP-1, whereas AMPA fails to significantly activate PARP-1. We fail to observe PARP-1 activation in mice lacking the gene for nNOS after treatment with NMDA, suggesting that NO production acti- Ϫ/Ϫ or WT mice were prepared as described in Materials and Methods. PAR polymer formation is seen 2 hr after injection with a peak detection of polymer at 4 hr after injection. Sonicated fibroblasts incubated with NAD serve as the positive control. B, Time course of PARP-1 activation after 6 nmol of AMPA intrastriatal injection in wildtype mice. Minimal PARP-1 activation is seen compared with NMDA injections (4 hr NMDA PAR formation shown for comparison). C, Although PARP-1 is activated maximally at 4 hr after NMDA injection in WT mice, nNOS Ϫ/Ϫ mice do not demonstrate PAR polymer formation after NMDA injection. These results were replicated three times with similar results. vates PARP-1. Our observations are consistent with previous studies indicating that NO and peroxynitrite play a prominent role in NMDA toxicity but little if any role in AMPA toxicity (Schulz et al., 1995b; . The failure of NMDA to activate PARP-1 in nNOS Ϫ/Ϫ animals is consistent with the preferential role of NO-peroxynitrite-mediated activation of PARP-1 in NMDA excitotoxicity. Furthermore, our findings are consistent with the results of cultures from PARP-1 Ϫ/Ϫ mice that show dramatic resistance to NMDA-and NO-mediated toxicity (Eliasson et al., 1997) . These findings confirm and extend these previous observations to the in vivo setting and also demonstrate that PARP-1 does not appear to play a prominent role in AMPA excitotoxicity.
Although PARP-1 plays a prominent role in NMDA-mediated excitotoxicity, it is not a key component to non-NMDA-mediated excitoxicity. Evidence of NMDA receptor coupling to nNOS through postsynaptic density 95 (Brenman et al., 1996; Sattler et al., 1999 ) is supportive of the proposed pathway leading from NMDA-R activation to PARP activation. NMDA activation is linked to production of NO via coupling to nNOS. Increased NO production when combined with superoxide anion results in peroxynitrite formation, a free radical species capable of DNA damage with resultant PARP activation. AMPA-R activation may lead to cell death through as yet undetermined effectors through interactions with glutamate receptor-interacting protein (Dong et al., 1997) . This pathway does not appear to be dependent on peroxynitrite or PARP formation, suggesting initiation of neuronal death by events occurring outside the nucleus, but the identity of this pathway is not known.
A major concern in developing neuroprotective strategies is that the protection observed in animal studies may be short-lived. Previous studies investigating the role of PARP-1 in a variety of injury paradigms mainly focused on acute protection (Eliasson et al., 1997; Endres et al., 1997; Lo et al., 1998; Sun and Cheng, 1998; Szabo and Dawson, 1998; . It may be argued that cell death was not prevented in these paradigms but merely delayed. To address this issue, we examined a cohort of animals to investigate chronic injury in which we assessed lesion volume 3 weeks after the intrastriatal NMDA lesion. Importantly, we do not observe a significant increase in lesion volume in the PARP-1 Ϫ/Ϫ mice at 3 weeks, thus indicating that the protection observed is long-lasting. This has significant implications for the role of inhibition of PARP-1 as a potential therapeutic target in both acute and chronic neuronal injury. We demonstrate that PARP-1 inhibition appears to provide long-lasting neuroprotection, and previous studies show that even delayed administration of PARP-1 inhibitors can be neuroprotective (Zhang et al., 1994; . Thus, PARP-1 inhibition may be an attractive neuroprotective target that provides long-lasting and effective treatment of acute injury even after the onset of injury.
The use of knock-out animals raises concerns that the observed phenotype may be attributable to the consequences of the absence of the gene during development or that the observed phenotype is actually attributable to compensatory processes rather than absence of the gene product. Specifically for this study, a concern may be raised that PARP-1 Ϫ/Ϫ mice may have altered expression of NMDA receptors. However, Western blot analysis reveals similar expression of glutamate receptors in PARP-1 Ϫ/Ϫ and WT cortical cultures and striatum. To address whether the resistance to NMDA in PARP-1 Ϫ/Ϫ mice is directly attributable to the loss of PARP, we reintroduced wild-type PARP-1 into PARP-1 knock-out animals using recombinant replication-deficient Sindbis virus. Replicationdeficient Sindbis virus has been successfully used by other investigators to study proteins of interest in the nervous system because Sindbis virus expresses proteins at high levels and has a predilection for neurons (Lewis et al., 1996; Griffin, 1998; Gwag et al., 1998; Lundstrom, 1999) . The replication-deficient Sindbis virus has been engineered to significantly attenuate Sindbis virus-mediated death (Gwag et al., 1998) , and thus, it has minimal cytopathic effects. Sindbis virus-containing wild-type PARP-1 significantly restores the susceptibility to NMDA toxicity in PARP-1 Ϫ/Ϫ mice, whereas Sindbis virus-containing lacZ fails to restore NMDA toxicity. Thus, the profound neuroprotection observed in PARP-1 Ϫ/Ϫ mice to NMDA toxicity is attributable to the absence of the PARP-1 gene and not attributable to compensatory mechanisms.
Our investigations into the time course of PARP-1 activation reveal that NMDA elicits potent activation of PARP-1 within 2 hr after intrastriatal injection of NMDA. This closely parallels the detection of peroxynitrite formation after NMDA intrastriatal injections as ascertained by nitrotyrosine immunostaining (Ayata et al., 1997) . PARP-1 activation is maximal at ϳ4 hr and is still present 24 hr after the initial NMDA lesion. This time course of PARP-1 activation is similar to that observed after middle cerebral artery occlusion, which is thought to be primarily an NMDA receptor-mediated excitotoxic event (Eliasson et al., 1997; Endres et al., 1997; Lo et al., 1998; Szabo and Dawson, 1998; Tokime et al., 1998) . In addition, the time course is similar to that reported recently for MPTP-evoked dopaminergic neuronal death that is also thought to involve primarily an NO-excitotoxic pathway (Turski et al., 1991; Tabatabaei et al., 1992; Brouillet and Beal, 1993; Lange et al., 1993; Kanthasamy et al., 1997; Mandir et al., 1999) . Activation of PARP-1 plays a role in cell death in a variety of neurotoxic paradigms. There are several theories of how PARP-1 activation leads to neuronal death. One theory is that overactivation of PARP-1 leads to severe energy depletion and in turn to cell death. PARP-1 uses NAD as a substrate for ribosylation; replenishment of NAD levels depends on ATP consumption. Thus, ATP levels are depleted after neurotoxic insults that lead to PARP-1 activation, which could lead to energy compromise and neuronal death (Sims et al., 1983; Zhang et al., 1994; Berger et al., 1996; Tasker et al., 1998; Ha and Snyder, 1999) . Our Western blot results for poly(ADP)ribosylation reveal multiple bands and suggest that proteins in addition to PARP are ribosylated after exposure to excitotoxic concentrations of NMDA. This observation raises an alternative possibility, that the ADP-ribosylation of a variety of target proteins may play a role in NMDA excitotoxicity. A number of potentially important nuclear proteins are ADP-ribosylated after activation of PARP-1, including histones, topoisomerase I, and p53 (Lautier et al., 1993; de Murcia et al., 1994) . If the ribosylation of these target proteins plays a role in neurotoxicity, this could potentially account for the profound neuroprotection afforded by deletion of the PARP-1 gene. Alterations of any of these nuclear proteins may have a profound effect on cell survival, and their ribosylated products could be instrumental in initiating a cascade to cell death.
Yet another potential mechanism of PARP-1-mediated neuronal death is through its interaction with nuclear factor-B (NF-B) (Oliver et al., 1999) . PARP-1 Ϫ/Ϫ mice are resistant to endotoxic shock, which is attributable to the inability of lipopolysaccharide to activate NF-B in PARP-1 Ϫ/Ϫ mice. It is conceivable that, after an inflammatory stress such as reperfusion after cerebral ischemia (Iadecola, 1997) or MPTP neurotoxicity (Liberatore et al., 1999) , PARP-1 activation could lead to NF-B activation, which in turn would contribute to the production of inflammatory mediators. Furthermore, recent experiments demonstrate downstream involvement of NF-B to NMDA receptor activation in oxygen glucose deprivation experiments in tissue slices (Cardenas et al., 2000) and intrastriatal quinolinic acid infusions (Nakai et al., 2000) . NF-B is activated after focal cerebral ischemia (Clemens et al., 1997; Gabriel et al., 1999; Schneider et al., 1999) and may have particular pertinence to the mechanisms of neuroprotection in PARP-1 Ϫ/Ϫ mice. PARP-1 activation has profound implications in neuronal death from excitotoxicity in acute and chronic central nervous system disorders. These results suggest a selective role of PARP-1 in glutamate excitotoxicity, and strategies of PARP-1 inhibition may offer acute and chronic neuroprotection.
